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I . iWBanaciiGs 

She proper functioning of electric equipment la of prime 
Importance in the operation of the mlllteLxy and naval alxpleuie 
of todiay. The wide use of sujch equipment and the continual 
Increase in the operating altitude of aircraft make It eusen- 
tlal that the factors affecting the operation of electric ap- 
paratus at high altituf-ea "be Investigated If the apparatus is 
to "be properly designed for this new and espandlsig application. 

ISila paper studies the effect of altitude on the ratings 
of rotating electric •nachines and, after determining the funda- 
mental principles InTolvedi discusses these in relation to 
the application of such machines in modem aircraft. It Is 
shown that the rating of a self-ventilated, direct engine- 
driven aircraft generator decreases rapidly with altitude 
andi at some altitude within the operating range of the alx^ 
plane, the generator may he ahle to diaalpato only its no- 
load losaes. It is also shown that on alr-acoop-ventilatedt 
direct engine-driven aircraft generator maintaina Ita rating 
over most of the operating renge of present-day aircraft. 
Tlnally* certain sear-level tests are proposed from i&loh cal- 
culatlona of rating under altitude condltlsna caji ha made. 

The theory and tests presented in this paper have heen 
checked hy altitude-chamher studies on on alreraft-lTpe, 
direct-current generator. 



II. JUSDSHiELHAL AMLYSIS 

■ A-. Heat !i7ransf er In Sleetrlc Hachlnea 

One of the principal factora determining the mtlng of 
electric apparatus la the maximum temperature to ^ich ita 
Inaulatlon can he suhjected without failure during the required 
life of the machine. tChla operating tcnperature la a function 
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of the loaeea of the maclilne and its ability to dissipate the 
resultEint heat. 

Aa electric machine may dissipate Its losses "by four 
means: 

1. Vorcod comrectlon between winding and core surfaces 

and cooling air 

2. Tree convection between frame and amblont air 

3. Badlatlon between framo and surrounding objects 

U. Conduction between frame end lEountlng 

Ihe watts loss which may be dissipated "by these proc- 
esses Is a function of the tomporaturo difference between 
the nachlne Biirfacos and the ambient tonipercturcs. The ma- 
chine tenroerature rises until the total watts loss dissipated 
Just sq^ials the Ixtput losses; that Is, until equilibrium Is 
reached, ^us any increase in load (and hones, loss) will 
Increase the machine temperature unless the additlona]. heat 
can bo remored from the machine "by an increased heat transfor. 
Conversely, any reduction in hoat transfer will incroase the 
machine teioperaturo unless the loss is reduced. 

3!he heat transfer bctwoon tho machine and the ambient 
air also Is effected by the air density. Tiiaa at the reduced 
densities and temperatures encountered at altitude (fig. l), 
tho watts loss which can be dissipated lay an olectrlc machine 
ZBy change and Its rating at altitudes may he different from 
that at sea level. 

Each of tho heat»transfor procesaes is not considered 
indlvlduollyt and Its variation with density and temperature 
determined. 

1. forced Convection 

^e transfer of hoat hy tho forced circulation of a gas 
or liquid Is reforrod to as hoat transmission by forced con- 
vection. In an eloctrlc machine, the cooling air enters the 
machine at an amhiont tomporature 6aii S'^d in wiping tho 

windings and core removes heat from these parts. !Qio resultant 
Increase In air temperature ("air rise") is donotod by Bar* 
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XhlB process Is shown graphically in figure S, ^ere 6 si 1b 

the surface temperature of the windings or core of the machine 
and 6 a. the temperature drop 'between the hot surface and 
the cooling modlum ("sorfaco drop"). 

Xhe maximum allowable winding surfaco temperature la do- 
termlnod "by the Insulation used In the machine. Tbxia, If Gai'i 

6d.'i and Bar' denote valuos of surfaco tomporature, surface 
dropf and air rise, rcspoctlvelyi at the point at which the 
ventilating air leayos tho machine. 



machine and the watta loss taken away "by this air. Thus, 



Qsi'- e^i+Qar' + Qd' °o 



8__' la a function of tho weight flow of air throu^ tho 



e 



ar 



_, 0.133 qfor 
V 



(2) 



idiore 



^or 



viatts loss dissipated >7 forced convection 




P 



density of cooling air at entrcmce to machlnei 
pounds por cubic, foot 



Tolumo flow of cooling air at entrance to machlnei 
cable feet por minute 



Tho svirfaoe drop at the exit of the machine Is! 



I "axor 



Qfor '"4 



(3) 



idiore 



0 over-all thermal conductajico hotwoon machine tmrface 
and cooling alri watts per 



9!ho thermal condactance G 1b a function of tho donaity 
of tho ooollng air p. Its volocity v past the surfaoo being 
cooled* a!id the area of that surfaco A^, It has hoon ahown 

(roforonce l) that for the turlmlent flow of air In ducta 

0 00 A ipr)°- (It) 

In an electric machine the velocity y .Ib conrooeed of 
two componentB: the axial volocity of tho cooling air through 
the ducts of tho machine Tq^, and tho peripheral velocity- of 

the rotor Vp. Testa on dlroct-curront aircraft-type gonora- 

tors indicate that for rntioe of axial to peripheral velocity- 
approximately lees than 2. the axial velocity can be neglected; 
vhoroaBi for ratios greater than 2, the peripheral voloclty 
can he neglected. In the practical case of BOlf-ventilated 
and Boparatoly ventilated aircraft generp.torst th? former typo 
usually has a ratio of axial to peripheral velocity voll below 
2| and the lattor type has a ratio well above 2. Hence tho 
transition range need not bo studied closely in the present 
investigation. 

!Ilho axial velocity v^^ is: 



Vg, = — 7—^ feet per minute (5) 

whore 



■^d 



total area of ducts through idilch tho cooling air 
flowBi square Inchos 

!Qms from equations (4) and (5)1 and tho above assun^)- 
tionst 



Oself ODA^ vp^p« = £-p« (6) 



O3BP CD A,(plliiQym A, (lliUy 1^= l.v«(7) 
^ A^ N A;,/ k« 



where k,^ and kg are conataata for any given machine oper- 
ating at constant epeedi and Cgoif and Cg^^ are tho ovoivall 
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thoimal oondootaacos for Belf-vontllatod and sopaxatoly Tentl— 
latod oacklnoBi rospoctivelT-. 

In smooth dactsi a= 0.8; In roni^ duotBi (X may vaxy 
trom 0.5 to 1.0, dopondlng on the degreo of rou^hnoao. On ono 
aircraft- type, dlreot-curront gonoratori tho use of an o^^onont 
of 0.5 chocked teat data. 

Siibatltatlng cquatlona (2). (3)1 (6)t mid (7) Into oquar- 
tlon (1) glToa: 



Solf-Tontilatod: 



qLfor = watto iS) 



Separatoly Tontllated: 



qfor "^^ "(9) 

0,133 .ka 

HoncOf If 6-,' I Boil Pi ^'^ known at a glvon 

altltudet the watts loau which can bo romoTOd Toy forcod convolu- 
tion at that altitude can "bo found If kj, k^ji and (X arc 

known. OSioao conatanta can bo dotormlnod fjram aoc-lovel testa 
on tho mEiahlni). 

2. Tree Convoctlon 

Oha tranofer of hoat by tho natursJ. circulation of a gast 
oaased by a nonuniform tonrperaturo (and honco density) .VEirla- 
tlon within tho gaai la reforrod to aa heat tranamlnslon by 
ftoe convection. 

Xho heat transforrcd from a horizontal cyllndor In air la: 



L 
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r 



lAiero 



^froe w^'^^B loss "by Aroo convoctlon 



As 



aroa of surface subject to froo oonvoctlon, 
sqjiare Inch'os 



F 



atmosphorlc prossurc, Inchos of mercury 



e 



88 



convoctlng surface toniporature, 



°0 



aniblont air tontperaturo for freo convection, °C 



L = 



feet 



hi 



horizontal length of cylinder, foot 



vortical hoight of cylinder, feot 

lEhe watts dissipated "by free convection at any altitude 
can therefore *oo calculatod from equation (lO), since all 
factors are knovn. Tho ourfaco tosiporaturo can "bo determined 
fl-om soar-level tests. Tcots token under actual altitude conr- 
ditions have indioatod that tho frame toniperaturo remains 
ossontlally constant at various altitudes for the same maxiinam 
internal surface tonroorature, unless there are largo changes 
in tho heat dissipated from the frame of the machine. 

It should he notod that tho vatts disaipatcd hy free con- 
vection vary as tho 0.^ pov/or of the atmospheric pressuro. 



Bodiation is tho method of hoat transmission hy vhlch 
heat onorgy la transferred from ono hody to another through 
a transparent medium without any change in tho tasrporature of 
the medium. Vhen tho aroa of the radiating hody is small 
coniparod to that of its surroundings, the watts dissipated hy 
radiation aro: 



3. Badlatlon 



lAioro 




(11) 
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watts dlBBlpatod "bj radiation 

6 emlsslTlty of the siirface of tho radiating "bo&v (0.9 
for a "bocly covered with a nonmotalllc paint) 

Aa area of radiating surfaoSi sq.uare inchoa 

Gg3 radlatlng-aurface tompcrataroi ''c absoluto 

Bas amMont-air tomporaturo or tomporature of surrounding 
bodies (if close enough) for radiation, °C- a'bsolute 

Iho alsoTO oq,uAtlon shows that tho watts dissipated 137 
radiation aro Independent of air density or proasuro andi 
hence, of altitude for constant 3 and 6 as* sane 

statements concornlng these tomperaturos apply to this case 
as to the caso of free convoctlont 



4. Conduction 



She heat trsmsferrod hotwoon two hodlos hy tho conduction 
process is directly proportional to tho conductivity of the 
transmitting medium; its area, and tho toiaporaturo difference 
hotweon tho two hodlos, and Invorsely proportional to tho 
length of path. In an elootrlc machinoi heat is conducted 
throu^ its mounting - tho direction of the transfer depending 
on the relative tontperatijre of the two hodlos. Shis hoat 
transfer is difficult to calculate elnco the length of path 
and tho. tenrporaturo difference are not accurately know* How- 
ever, it is not effected hy air density or tainporaturo« pro- 
vided tho temperature of machine and mounting remain constant. 
McasuromentB of those teniporaturcB must ho made to dotormlne 
tho direction of heat flow, and tho results ohtainod used to 
tooipcr the calculations of total heat transfcrrod hy the other 
throe procosnes. If hoat is removed from tho machine, it can 
he negloctod and uaod as a "safety factor"-; if it is added, 
em estimate of tho quantity added nay ho necassaxy. 



5. Summazy of Hoat-franef or Eq.uationB 



Itot = ^or + Of reo watto 



(12) 



Self-^ontllatod! 



¥ P 

SepAVatel? ventllatod: 



'^°'^ = 0.133 kx 



q^or ~ watts (9) 

0.133 . ka . 



,6 



/4 



-4 o,B ((^Bo-Qaa) - V 

qfroo =1.33 >«10 Aq?- ^ wattB (lO) 

ii 

q«aP.00375 eA,rf?5i^ -T—^ I wattfl (il) 
iH L\100>/ \lCoy J 

B. Air Tlow In Electric }bchlnos 

All tho torms In tho ho&t-transf er equations aTaovo have 
"been discusBod, oxcopt tho woi^t flow of tho air usod to cool 
tho machine ¥. !Chis gioantity varios with altitudo In a manner 
which depends on the typo of ventilation eniployod. In tho c'lse 
of aircraft oq.uipinont, two typos of nacliino aro uood: tho on- 
closod adf-Tcntilatod nachino, whoro tho cooling air is cir- 
culatod "by a fan integral with the machine; and tho enclosed 
separately vontllated machine, whcfro the cooling nir is picked 
up "by an air scoop on tho airplane r.nd forcod through the ma- 
chine "by tho rfunming pressure o^Jtained from tho aixplaiio'c 
motion. Singlo-snd, axially ventilated machines arc discussod 
hero, as this is tho typo in most common uao on tho oquipmont 
consiclorod in this paper. 

Koclccting the friction preosuro drop of the air in flow- 
ing through tho passages of a machine (a good asDumption for 
8:3all mochinos), tho oq.ur.tlon governing tho air flow through 
a machine is: 



c ^ B 



H =-L. P llL. +fi llL + 



inches of water* (13) 



*Qii8 ecLuation assumes that the air density is constant through- 
out tho machine* B -.cause of the air tomporaturo risoi this la 
not strictly true. Howcvort tho simplicity obtainod "by assuming 
a constant donslty warrants its use. 7or moro accurate calcular- 
tions, an avercgc air density mny "bo usod rather than tho value 
at the machine entrance. 
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whero 

H proasuro hood avalloblo for forcing ooollng air through 
machlno, moasqred at entrance to madilno, Inchoa 
of vat or 

Pjj^ f ° f — loss In prcBBuro at oontraotionsi 03cnan- 
2g 2g slonsi "bondsi etc., of tho airflow path, 

measured In Yeloolt7 heads of nlr. 

Slnoo 

a* ' n» • * * * » • • • 



5S !- An 



whore 

Ajg, Aj^, ... areas at changes in path section, sq.uaro Inches 

Tho 'braclcotod oxpresslon is a constant for any machine 
and may "be called tai "air resistance," B. Henco, 

^ ~ culJlc feet 7>er minute (15) 
Xhe weight flow of co'illng air, thoroforo, is: 



pounds por minute (16) 



, Xhls equation defines tho weight of cooling air flowing 
through the machine for a glTOn pressure head H. Shis pres- 
sure head will vaxy with altitude, 'depending on whether the 
machine is Bolf-Tontllated or separately Tentilatod hy the 
methods discus sod nhovo. 



ICho prosBuro .hond developed 'by a fan rovolvlng. at constant 
apood varies directly'' with tho air donslty. Ihorefore, in a 
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Bolf-Tontllatod machlso, the weight flow of air Is dlroctly 
proportional to the air doneltyt f roi» ogoatlon (l6). 

Jot a soparateljr ventilated BEichlne onrploylug an air 
acoopi tho head E will dopond on the Ediplano'e epood- 
altltndo charactorlntlc. Tor a constant angle gf attack the 
lift on an airplane vlng Is piraportlonal to p7 , where p 
1b tho olr denslt^t B.r^ 7 la tho velocity of tho airplane 
relative to tho air. Since a certain minimum lift la nocea~ 
aary to aupoort tho alrplano, tho niinlmuun pT^ mist romaln 
constant, rogejrdlesR of altitude. Howovori tho prossuro head 
In Inches of x-.'ator ^ovelopod In tho air scoop Is directly 
proportional to p7 (nogloctlng losses); honco the nlnlmum 
alr^ncoop presQure head la Indepondont of altltiido for a 
soprxately vontllfitod generator. Irora equation (l6), It can 
he soon that tho nlnlmim wolght flow of air is thus propor- 
tional to the aquaro root of the air density and therefore 
docroascB with altitude hut not as rati Idly as in tho self- 
vontllatod machine, whore tho dccrocso was directly propor- 
tional to the air density. 

III. i^PLzcATiarr or FJi^iAi^sECikL aizaltsis to tee 

JSE'SE^JllISkTIOS OF THE AI^IfUDB! HAC^IUQS OF 

BOTATIHG WiOTBlC MACHZHZS IK AmCHAjr"' 

^10 fundamontGd CTjiatlona for hep.t transfer in rot.'\tlng 
nachlneo will now ho used to doterLiino the rating of eloctrlc 
nachlnOB under varying altitude oondltlona. !Qio specific 
cases of solf-^ont Hated and scjparately vontilatedi direct 
engine-driven, dlroct-curront gonoratoro will ho chosen for 
this diacuaalon, each goncrator helng conaldered aopnratoly. 
!Qi08e gonoratora ore overh->ing from the hock end of the ntr- 
craft onglnok Xhe aolf-vontllated generator aocurea Its 
coaling sir from tho spaoo hack of the engine, known aa tho 
onglne^accoaaozy compcrtnent; and tho aeperately vontllatod 
maohlno, from tho atmoaphoro ozternal to the alrplrjie. 

lEhe genornl e^rocch to the prohlem of altitude ratlnga 

lai 

1. The doteminr.tion of tho tanbiont ind air-flow conr- 
dltlona for oach type of gonorator 



Zm ■ Xhe oaloulatlon of tho total watts loBS lAloh can be 
romoved ty the heat— transfer procossos already dle- 
■ cussed ( heat transfer 'by oonductlon will be neglec- 
ted) at the altitude at which tho rating lo desired. 

3. ib.0 detormlnatlon of tho current) and hence tho rating 
of tho machine, corrosfonding to tho total watta 
loas found In (S) from a curve of watta loaa of the 
machine aa a function of Ita line current* 



A. Enclosed Solf-Tontllatod Oonorator 
1. imblont Xemporaturea . 

The ambient teciperaturo of tho cooling air 6^^ of a 

aelf-Tontllatod generator 1b that of tho onglno-aacoasoiT- coi»- 
partmont. Tosts havo shown thf>.t this teoiperaturo Is Indopend- 
ont of altitude. Presont informntlon indicates that a minimum 
compcrtaont tomporaturo of b. maximum of 65° 0 may 

bo oxpocted. Ttita ambient tomporaturo is also the tomporature 
to "bo u9od in calculating tho heat transfer by free convoctioni 
Oaa* 

Tho generator frame will radiate to or accLulro hont ftom 
surrounding objectci dopendini;; on tho rclatl-vo tonporaturo of 
tho 1)odlos involvod. This transfer will remain aubstantially 
Indepcndont of altltudo* 

2. Air Tlow 

ProriouB oq.uR,tlonB have shown that tho woight flow of air 
V thzou^ a aolf-Tontllatod gonorator la directly proportional 
to the air denalty, and thoreforo docroacoe with altitude* 

An Inapection of oquatione (S), (lO)t end (ll) now ahows 
that tho watta loas which mey bo dlaBipatod by a oclf-rontilated 
generator, for a constant moxinum allowalilc surface teinporaturef 
decreaaea with Inoreaso in altitude. All quantltlea in thoae 
equatlona arc constant except the air flow V, tho air pree- 
sure p, and the air density p , all of \Aich docroaso with 
altitude. The reduction in rating doponds on tho relative 
proportiona of Qfor' Vroo* ^ acting to cool the gone]>- 

ator. Tnble Z shows tho percent watts loss dlaaipatod "by each 
of tho throe heat- transfer procosscs at an altitude of 3^1 000 
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foet aa couoared with the dlsBlpatlon at sea lorol (taken aa 
100 poroaatV Vor oxquiplet If tho generator could dlaalpato 
all of Its loaa lay redlatlon alone. Its rating would be lnd»* 
pendent of altitude since la independent of air density 

and proBsuro. In an;' actual application all proceaaoa vill 
enter, "but the watta dissipatod by forced convection will ho 
at least SO percent of the total for tho ligihtwei^t, hi^t- 
output generatora now used in tho modem aixplane and will 
therefore he tho limiting feature. 

Tigure 3 shows the redaction in the watta loaa that may 
he dlaaipatod hy forced convection in a solf-ventilated genor^ 
ator, aa a function of altitudoi for conatant maximum surface 
tomporaturc and constant generator speed. Ourvos are plotted 
for vnrious values of a in equation and for various 
ratios of air riae to machine tonipcrature riao at aea level 
In aelf-ventilatod maehlnoBi this latter ratio ia usually 
greater than 0.5« 

^tor the total watts loss which can ho disalpp.ted by 
tho thrco proceaaoa of heat tranafor at a given altitude haa 
boon colculatedi tho new current rating of tho gonorator at 
that altitude is found from tho curve giving tho generator 
line current aa a function of it a watts loss. Ihia curvo ia 
apiproxlmatcd tiy a constanti rqpreaenting tho no— load loaaea 
of the machlno, plun a term xifalch ia a function of the square 
of tho lino current. 

If tho wp.tts which car. bo dissipated at the operating 
altitude of tho p.irpl.«jic are loss than tho no-load lossoa, 
the machlno cannot oven maintain its voltage r.t no load. Tig- 
Tiro 3 shows that the self-vent ilatod generator thus has a 
"coiling" of operation, at which point tho mchino can dla- 
alpato its no-load losses only and cannot carry any load cur- 
rent without ezcooding its maximum allowable temperature. 
Since the no-load loaaos of a lightweight, high-output gonox^ 
ator may be a quarter to a third of ita total lossos when 
carrying rated current, this coilisg may occur within the 
operating limit of the airplano. 
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B. Bnolosed Separately Tentllatod Oenorator 
1. Jbiblont TeiapeiraturoB 

The am'blent tecrperature of tho cooling air B of a 

separately Tontllated generator is that of the aLr outside of 
the airplane (nogloctlng a small temperature rise of the air 
at the entrance to tho air scoop doe to Its comproBBlon) . Xhe 
Air Oo^ps Btcmdard atmospheric air temperature decreases with 
altitude at a rate of -2 C for every lOOO-foot increase In 
altitude (fig. l). !Qio ambient teniporaturoa for free comroo- 
tlon and radiation rooaln the same as for tho self -ventilated 
generator. 

2. Air How 

!Ehe minimum rcxmln^hoad coollng-air presBoro aTellablo 
nt the air scoop of en edrplane is independent of altitude. 
From equction (l6)| therefor 0| tho weight flow of air in a 
soparatoly ventilated gonorator is proportional to the ocpiaro 
root of tho air density. 

I!g.uatlon8 (lO) and (ll) show that tho some watts loss Is 
dlaaipatod hy froo convection and radiation In tho caso of tho 
soparatoly ventllatod generator as for the self-ventilated 
machine* 

Tiguro h shows tho vari'^.tlon in the watts loss th'>.t Liay 
Tie dissipatod hy a aoparately ventilR.tod gonorator for constant 
raramlng-hood coollng-alr proDouro, conetnjit maxlnua surface 
tonporaturo, and constant generator speed. Curves are plotted 
for vorioua value a of a in equation (9) and for varioua 
ratioa of air riao to machine tomporaturo rlae at aea level 7 . 

After determining the total watta loss which can 1)0 dis- 
sipated lny tho throo procosses of heat transfer, the altitude 
rating of tho gonorator con bo found from the curve of watte 
lose as a function of lino current as was done for the aelf- 
▼cntilated generator. 

Xrom figure 4 and eq>ir.tionB (lO) and (ll). It is apparent 
that a aqporatoly ventilated generator whilsh obtains its cool- 
ing air trom on air scoop on tho aiiplono maintaina, and may 
even Increaae, Its aee^level rating at practically all altitudes 
within tho operating range of preaont-doy aircraft. In the 
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case of the sepnxatoly vantllatod gonoratork tbe rodizct'ion In 
coolln^alr acibleiit tes^orature offeeto tho docrease In wel^t 
flow of cooling air. Also, due to tho conatPJ3.c3r of the ramning- 
head ooollng-air pressure of the Boparatel7 vontilated gonorar- 
tori tho volght flow of cooling air docroaeos only with the 
sguaro root of the air density. In tho Bolf-ventllatrd gener- 
ator tho weight flow dccroasos dlroctly with the air density. 

17. CQS7CLUSI0]!rS 

A. Figure 3 shows that tho mtlng of vlu- encloaod, solf** 
ventllp.tod, direct onglne-drlven, direct-current aircraft 
genorator docrocaoa rapidly with f.ltitudo, and rzoy havo a 
"colling" within tho altitudo rongo of tho airplano on which 
it Is mo\mted. Thin coiling is tho point at which tho gener- 
ator will Just dissipate Its no-lond losoos without ovor- 
hoating. 

B. Jigure k shows thr.t the rnting of an encloaodi oopn- 
ratoly ventilated, diroct ongino-drivon, direct-current, r.ir- 
cr?.ft ganaratori o'bt?,lnlng Its cooling pir from an p.ir scoop 
mounted on the alrpliuio, remains C8sontin.lIy Independent of 
altitudo - tho rating Increasing slightly over Its seor-levcl 
value up to 20|CX}0 feet, and then docroaslng again. 

C. Soa-lovol tests eon "be takoni hy means of which the 
rating of a givon generator .?,t n. given altitude can ho deter- 
mined If anblont conditions at thr.t altitude aro known. 

D. Tho analysis presented In this papor can ho used to 
determine tho air-flow roq.uiromonts nocoss^j}'' to oht?.in a 
given rating from a given generator at any desired altitude. 

X. Xho results of this aaolysln can ho applied to tho 
determination of tho altitudo hoatlng nnd rating of typos of 
electric apparatus other than aircraft generators, if tho ?.a- 
Bunptlons made here aro critically roviowcd r-.nd adapted to 
meet tho now conditions. 

T, Ihls paper tirosonts some of tho fundamentals of the 
prohlom of altitude rating of electric maohlncs and has pro- 
posod teots for its ^otcrmiiiation. It is hoped that future 
tost data, obtained hoth in altitudo chrunbora and under actual 
operating conditlonst will he correlated and used to iiodlfy 
and o3ipand tho analysis whore necessary. 

Ctenoral Electric Co:7ipRny, 
Vest Igmn* Kr^sj. 
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jftPFKNSIZ 

JPBOeOSED SBA-J^ETXL TOE GrBjKBRA.T0B5 TSSSlOfSSD 

TOR AIBCBATZ APFLIGAIIOlirS 

Ttio tosta propoDQd horo sxo 'baood on tho ansumptlon that 
tho point at vhloli the mcudjaan nllowa'blo surfoco toEiporaturo 
9g^' 1b menBurod at spa level roaialnB tho hottost point In 

the naehlno as the load on the nachlho la varlod. Toata on 
alroraft-typo gonoratora havo Indlcr.tod that thla a,BBur3>tlon 
la oorrect. In tho proppaod testa tho gonezntor mounting 
should he Insulated tbewally from tho toat atrad on vhldh It 
la mounted* In order to oXlsilnr.to tho offecta of conduction. 
It Is also aasunod that the outer surface of the generator ro^ 
nRlne oaaentlnlly at constant tonporaturo for a constant nazl- 
mm IntornpJ. aurfp^o teisperaturo. This assuziptlon has hoen 
chodcod hy altltudo-chamher toatsa 



A, Frolliialnaz7 Tests 

These prollQlnaz7 aesr-lovol tonta detemino the wol^t flew 
of cooling air forced through the generator for various ronmlng- 
hood pressures at the ontranoo to tho gonorator cooling ssrstoat 
the watts loss of tho machine for vorlous lino currontsi and 
the vnlue of the oocponont a In equations (8) "ud (9). 

1. Hoasure the voluno flow of air throu^ the gonorator 
for various Inlet ranmlng-hond air pressuros. Set up tho genox^ 
ator as a seporatoljr vcntll?.tod uachlno and oporato at lolnlnam 
rntod spoed. Tary tho ooluno flow from a value at which tho 
ratio of the RXlril velocity of tho cooling air to the poriphr- 
eral velocity of the rotor Is e^roxloately 2,_ to a value at 
which this r<itlo Is espproxliuatoly U. 

2. Plot a curvia of wolght flovf of air as a function of 
- the roBnalng-hoad pressure of cooling nlr fron the results 

obtained In Ar-1 fthovo. 

3- CalculatOi or determine fron dynanoneter teats tho 
watts loss of the generator ^-a a function of its lino current 
with the generator operating at its mininnui rated spood and 
ratod maxiimuii allovahlo surf '>:co t'osiperatiijrO'. Plot a- curve 
of total watts loss as a function of lino eurronta 
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U. lako a. series of heat rima on the generator at nlkl<* 
muai rated apood at Tr.rlous Inlet raomlng-head air prosaurOB* 
covering the range of pressures used In J^2, At oach prossuro 
yary tho gonorator load current until the tOEiperaturo of the 
hot to at surface In the ucchlno la oqual to tho laazliian allow- 
able surface teoperature, Eoep tho gonorator rjiblont teiaperfv- 
turo 8 £1^1 At the cnme value as Is expected during actual 

operation. 

3» Cnlculato the watts dlsslpAtod tiy froo convection and 
radiation In oach of tho runs of A<--4 fron equations (lO) and 
(ll). Suhtr'ujt those values fron tho total watts dissipated 
In each of tho runs rjid plot a curvo of watte dlsolpatod Toy 
forced convection an a function of Inlet raonlne-hopd air 
prcsBure> 

6. Bowrlto equation (9) Mi 



log kjj + (l-o) log W = log 




-w(esi'-ebi) "1 

Plot W as a ftmctlon oft - O.I33 on log- 

L Ifor J 

log pqpor for various v-'Cuos of Inlot rannlng~hoad air pros- 
Qfure. Select a value of this pressure and find OfQ]. from 

the curve of ir-^ and V ftois tho curvo of for this pres- 
sure. Using these values of V and (Lfox* plot ono point 
of the above curve. Hopor.ti using a different pressure. 

7f Ohtaln tho slope of tho curvo of lr-6 and cnlcul?.to 0., 
knowing that this slope Is equal to (l - a). 



S. Solf-Tontllated Gonorator 

To find the altitude rating of a self-vontllatod aircraft 
gcneratori proceed as follows: 

1. Toko a hop^t run !>t nlnlmun rated speed nt such n line 
current that the toiaperature of tho hottest surfp^o In the 
nachlne Is equal to the oaxlimnn allowahle surface temperature 
for tho generator Inoulatlon. Take this hoat xtA In on omhlont 
temperature equal to tho oxpoctod onglne-accoaaexT'-coEipartncnt 
tonperature at the altitude at which the gn.iorator Is to ho rated. 
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2. Mbaouro tho voIutjo flov of air (I throu£|h tho onchlzu) 
under tho ainblent conditions of B-1, and calculato thv vol^t 
flow of ooollng air through tho cachlno. 

3. Bbjon tho wF.tts loBB-curront ourvo of detormlno 
tho totrJ. iirattB loss of tho riEichlco at tho load of B~l. 

U» Calculato tho watts dissipated "by froo conroctlon and 
radiation In tho hoat run of B^l from equations (lO) r.nd (ll). 

5> ScterQlno tho watts dlsslpatod "by forcod conToctlon 
In tho hoat run of B»l "by euhtrnotlng tho watts dlsslpatod hy 
free oonvoctlon pjid radlAtion from tho total watts dlsslpatod. 

6. Calculato In equation (8)* using tompornturos 
and tho weight flow of air found in B-1 and B-2, tho valuo of a 
found In .Ar-J, and tho value of qfor fo''>uid In 3-5 ■ 

7. Oc.lcul''-tc tho total watts disBipr.tod at tho altitude 

at 'vhich tho generator r?,ting is to ho dotemlnod fron equations 
(S)| (10)1 and (11). Use values of air donsit;/ ejid isroosuro, 
and ongino-p^cospory^coapnrtnent toiaporaturo rt tho given alti- 
tude. Iho weight flow of air In f. solf-vontilr.tod gonorc.tor 
is directly proportionrl to tho air density. Uac valucn of 
0Bi*» QftB* 08a» 0ai» 6aci '^^^ ^aa ^o"^* rua of B-1. 

S. Dotorrdno tho r'.ltitudo-currorit rr.ting of tho gonor- 
rtor "by entering tho wtta lOBS-curroTit curve of Ar-3 with tho 
total watts dissipated as calculated in B-7. 

C. Sopr.ratoly Vontilitod Oonorator 

Zo find tho altitude rating of n separately ventilated 
gonoratori procood as follows: 

1. Sotormino tho ninlmun raciuin^hor'-d coolln^air proBr^ 
suro In inches of wator availp-hlc at tho entrance to the gonox^ 
ator cooling cap nt tho altitude at whloh tho rating of tho 
gonorator Is to ho founda 

2. Dotorsine tho watts loaa that can ho dlsslpatod hy 
forced convection hy tho gcnorator with this raamlng-hoad 
proBsuro at soa level from tho curvo of i&r-5. 
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3« CalcTilate the toIub of kg from equation (9), ualne 
tho vattB lose found In G-Z, the weight flow of olr frou Ar-Z 
( correcting for any dlfferonco "botwoon tho coollng-alr tom- 
poraturoa of tho runs In J^Z and In dotoznnlnlng tho wol^t 
flow)» tho toEiporaturos from tho hoat runs of A-l{-, and the 
V&I11C of a from Ar-7. 

U. CaJ-culnte tho total watts dloai-pntod ?.t tho altitude 
at vhlch tho gonorator rating is to "bo detornlncd from oquatlons 
(9)» (lO)» and (11). Use valuos of air prooouro and cooling- 
air toiiporaturo and density fron figure 1. Tho wolght flow of 
cooling air In p. aeparr.toly ventilated gcnorator la propor- 
tional to the square root of the co'^llng-alr density. Uae 
values of Gai'i ^as* ^rci ^as from tho heat ran 

of Ar-ht corroopondlng to tho mlnlmuu ranmln^hcftd coollng- 
alr presBuro of C-1. 

5. Botoraino tho altltudo-currcnt rating of tho gener- 
ator laj entering tho watts loss-current curve of A-3 with the 
total watts dissipated as calculated In G-U-. 

BOOlilTION 

area of machine surface for forced convectlont 
square Inches ■ 

?.rea of machine surface for froo convoctlon* 
square Inches 

area of oachino aurfaco for r?dlatlon, squaro inches 

total area of maclilnc ducts througli which coollng- 
alr flows » square inches 

ovor-all thomal conductanco hotwecn oachlno surface 
and cooling air for aolf-vcntllatod nachlnoai 
watta per 0 

ovor^all thomal conductnsico "botwocn orchlnc aurfaco 
and coolir^ air for acparatoly ventilated nachlneai 
watta per °C 

denaity of cooling cir at entrance to ..-.achlnoi pounds 
per cuhlc foot 
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.C omlsBlTlty of rcdlntlug aurfaco 

alr-tonporature rlso 
.. ~, oachinchrteniiperature rlso 

E prosBuro head avnllablo for forcing ooollng air throu^ 
]3P.ch,lnO( InchoB of vat or 



L = hi K ^ foot 



Lj^ horlsbntnl loc^h of nachlno for froo cosnroctloni foet 

^Tortlceil liel^.t of nachlno for froo ooinroctloni foot 

p r.tnoBphorlc preasuro, liichos of moreuxT' 

^for vr.tta loaa dlsslpctod by forced convection ■ 

Vroo vatta loaa dlaaipatcd "by froo convoctlon 

watta loao dlaalpatod "by r.'«JlGtlon 

Toluino flow of cooling nlr throush laachlno mocsured 
nt entmncoi oulilc foot por nlnuto 

B roalotnnco of nivshlrio to flow of cooling nlr 

ninblont-alr tonporr-turo for forcod convectlont °0 

9n8 O2nblont-F.ir tooporaturo for froo convoctlon, °0 

ahblont-alr tosroornturo for rndlatlon, °0 n1)aoluto 

6a,r coolln^nlr toinperaturo riae (nlr rlao), °0 

6^ tcxapemturo dlffcronoe "botvoon nachlno aurfaco md 
coollnj; air (aurfaco drop), °C 

8 machlno-Burfr^o tonoerature for forcod convoctloni °0 

Bl 

_ O 

Beg =iachlno-BUTf<-\co tonporature for freo convection, C 
6 03 mr chins- aurfaco tegnperp.turo for radiation, °C a'baoluto 
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T velocity of cooling air past laadhlno surfnco 'bolsg 
conlodi foot por mlinito 

axlpJ. voloclty of cooling air through ducts of machlno 
foot por nlmto 

Tp peripheral velocity of rot or i foot por olnuto 

If wolght flow of cooling air through nachlne, pounds 
por nlnuto 

Prlmod quantltlos aro valuos noaaurod at tho coollng-p-lr 
exit of tho Qochlno. 



1. King, W. J.! Tho Bn.Blc Li^.wb and Dntn of Hop.t Trenc- 
raiaalon. MoohnjilcrJL Bnglr.ocrlnc: Mrjch I932i F*'- 
190-194; April 1932, PTJ. 275-279 p.nd 13. 29S: Mny" 
1932, 3^7-353: Juno 1932, pp. UlO^UlU, -Jid 
■0. h2S', July 1932. xnj. Ji92-U97; Aug. 1932, pp. 
560-565. 
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Soherty, B. Z., end Cortor, E. S.; A.I.Z.S. lEroiis** vol. 
ZLIII, 192lf, pp. 8214-339. 
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TABLE I 

Conparlaon ■ of the Watts Loss SlBslpa-ted. fr.om. 

Self-Tentllated, Direct Bnglne-Drlyen Aircraft Qeneratorei 
laploylng Different Proportions of Hsat-Trai^^sf er Processes 

In Their Cooling 



Percent of total vatta 
dissipated at sea level* 



Percent of sea-level vatts 
dissipated at 36,000 feet* 



^7 forced 
convection 

YeO. 67,0^:0.5 


^ free 
convection 


By 

radiation 


By forced 
conrection 
7=0,67,0=0.5 


By free 
convection 


By 

radiation 


Total 


100 


0 


0 


27 


0 


0 


27 


0 


100 


0 


0 


47 


0 


47 


0 


0 


100 


0 


0 


100 


100 



Maximum generator winding surface (140 C) , generator frame 
surface, surrounding olijeei-, , and ongine-acce a sory compart- 
ment (38°C) temperatures are constant for all comparisons. 
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Altitude^thoaBaadB of feet 
Tleurs 1.- Propertlea of atmoigpherle air. 



VkOk 



rig. 2 




rigara 2.- Tenqserature-alr flow diagram of a single end. ajcially ventilatttd 
electric machine. 
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0 10 ao 30 40 80 

Tlcor* 3.- Kffaet of altltuda on the wattB \o»m dlaslpatod ligr foroad oon- 
Tootloa from a ««lf-v«Btllat«di direct englno drlvon, aircraft. 
CBnarator. Oonataat —liwiTi generator winding earface' toqierature (140^.) 
and eonataiit engine accaBeax7 ooopartmant tengperatore (38^0.) 
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Air temDerature rise 
, "^fachizie tenperatura rise 
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20 30 
Altitude- thousands of feet 
Vlgare 4.- Effect of altitude on the watts loss disstpatsd lay forced con- 

Tectlon from a separately ventilated, direct engine driven, 
aircraft generator. Constant mayiwuai generator winding surface teoiperature 
(140°G.) and constant raamlng head, cooling alz presBore. 
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0.2| 

0 ^10 ao 30 40 SD 

Altltuda-thouMadi of feat 
Pleura 5.- Xffaot of altitude on the watts lose dissipated "by free conrac- 
tioa and radiation from self-ajod separately ventilated, direct 
engine drlY«B, aircraft csnaratorB. Constant generator frame surface, eaclne 
accessary oonqNurtaient, and snxToun41nc object tanparaturea. 
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